The contributions of the resonances D 13 (1520), S 11 (1535), S 11 (1650), D 15 (1675), F 15 (1680), D 13 (1700), P 11 (1710), P 13 (1720) to γp → ηp are found from the data on cross sections, beam and target asymmetries using two approaches: fixed-t dispersion relations and an The results for the D 13 (1700) are strongly model-dependent.
Introduction
It is well known that photo-and electroproduction of η on nucleons provide a unique opportunity for detailed study of the properties of the S 11 (1535) resonance, because this resonance has a large branching ratio into the ηN channel, unlike other resonances with close masses: D 13 Investigation of η photoproduction is interesting also for the following reasons. Investigating the contributions of the resonances with small ηN branching ratios and well known photocouplings, we have the possibility of specifying these branching ratios. Eta photoproduction provides also the possibility of searching for the "missing resonances", which cannot be observed in πN scattering and π photoproduction on nucleons.
The approaches which are used for extraction of resonance properties from experimental data can be divided into two groups. One group is based on coupled channels calculations, which has been used mostly to analyse πN data [1, 2, 3] . The other group consists of the approaches which extract resonance properties from single reaction data by modeling background and parametrizing the resonance contributions to multipole amplitudes according to the Breit-Wigner formula. For the πN scattering such an analysis is made in Ref. [4] . For the pion photo-and electroproduction on the nucleons the latest analyses of this type are done in Refs. [5, 6] .
In the case of η photoproduction on protons, there is an analysis made within the coupled channel approach based on effective Lagrangians [7] . At energies above 1.54 GeV only sparse data on the differential cross sections were used in this analysis. More recent data on the differential cross sections from GRAAL [8] and CLAS [9] , and the polarized beam asymmetry from GRAAL [10] were not available at that time. A more complete data set [8, 10, 11, 12] was analysed in Refs. [13, 14] using isobar models with parametrization of the resonance contributions according to the Breit-Wigner formula.
The background in Ref. [13] is built from s and u channel nucleon contributions (the Born term) and t channel vector meson exchanges. The model of Ref. [14] is based directly on the utilization of the quark model results. t channel vector meson exchanges are excluded in this model in order to avoid possible double counting of contributions from the s and t channels; the background is built from the u channel resonance contributions.
In this paper we will investigate the data on η photoproduction on protons from Refs. [8, 9, 10, 11, 12] using fixed-t dispersion relations for invariant amplitudes. The imaginary parts of the amplitudes we will build, as in isobar models, from the s channel resonance contributions parametrized in the Breit-Wigner form. Using dispersion relations we will find the real parts of the amplitudes, which include the contributions of the nucleon poles in the s and u channels (the Born term). They include also the integrals over the imaginary parts of the resonance contributions. As a result, in addition to the s channel contributions, u channel resonance contributions to the real parts of the amplitudes will be reproduced due to the crossing symmetry. Also, the point connected with the t channel vector meson contributions does not arise in the dispersion relations approach. They do not directly enter the dispersion relations. Such contributions could be imitated by high energy contributions to the dispersion integrals. However, our estimations made for pion photoproduction on nucleons, where we have enough information for the estimation of these contributions, show that their role in the description of the data in the second and third resonance regions is negligibly small [15] . The dispersion relations approach will be presented in Sec. 2. In this paper we will present also our results on the description of the same data set in an isobar model which is very close to the model of Ref. [13] . The difference lies only in the slightly different parametrization of the resonance contributions and in the inclusion in our analysis of the Roper resonance P 11 (1440). This approach will be presented in Sec. 3. Comparison of the results obtained in the two approaches using the same data set will allow us to make conclusions on the model-dependence of the extracted resonance characteristics. We will compare also with the results obtained in Ref. [13] using an isobar model. This will allow us to check the dependence on the details of the model, and on the observables used in the analysis. The results obtained will be presented and discussed in Sec. 4. The conclusions are presented in Sec. 5.
Dispersion relations
In the dispersion relations approach we use fixed-t dispersion relations for invariant amplitudes. All formulas in this paper we will write for the η electroproduction on the nucleons, i.e. for the reaction γ * N → ηN. The amplitudes of this reaction we choose following the work [16] in accordance with the definition of the hadron electromagnetic current in the form:
wherek,q, p 1 , p 2 are 4-momenta of the virtual photon, η, initial and final nucleons, 
The conservation of the hadron electromagnetic current leads to the relations:
where
(s − u)B 6 . So, only the six of the eight invariant amplitudes are independent. As independent amplitudes let us choose B 1 , B 2 , B 3 , B Unlike the π electroproduction, in the case of η, dispersion relations for p and n are independent from each other and can be written separately. By this reason we write dispersion relations for N, supposing that N = p or n:
where R N i (Q 2 ) correspond to the residues in the nucleon poles:
e 2 /4π = 1/137, g ηN N is the ηNN pseudoscalar coupling constant, and
are the nucleon Pauli form factors. In the case of the real photons these form factors are
The factors η i in the dispersion relations define the crossing symmetry properties of the invariant amplitudes, they are equal to η 1 = η 2 = η 6 = 1, η 3 = η 2 . In this region we take into account the contribution of the Roper resonance P 11 (1440). Also, we continue to this region the contributions of S 11 (1535) and S 11 (1650) in the way which will be described below. In the unphisical region of the dispersion integrals, we do not take into account contributions of other resonances with higher masses as they are strongly suppressed in comparison with the contribution of S 11 (1535).
The contribution of the Roper resonance P 11 (1440) to dispersion integrals was found by evaluating the Feynman diagrams for γ * + N → R → η + N and the corresponding invariant amplitudes using the effective Lagrangians:
with A µ the electromagnetic field, and ψ N , ψ R , φ η the field operators of the nucleon, P 11 (1440) and η. With this, the s-channel P 11 (1440) contributions into B i (s, t, Q 2 ) have the following form:
Γ tot we parametrize according to the formulas presented below, taking the mass and the width of P 11 (1440) equal to M = 1440 MeV , Γ = 350 MeV , and the branching ratio into the πN channel β πN = 0.6. The form factor F R 2 (Q 2 ) at Q 2 = 0 is related to the P 11 (1440) → Nγ helicity amplitudes:
and can be found from the Particle Data Group [17] values for A 1/2 :
The g ηN N and g ηN R coupling constants we will found from the analysis of the η photoproduction data.
Let us turn now to the imaginary parts of the amplitudes, which we construct 
where n = 0 for M l± , E l± , n = 1 for S l± and
are masses and widths of the resonances, β πN and β ηN are their branching ratios into the πN and ηN channels, k, q η ≡ q, q π and q 2π are the 3-momenta of the γ, η, π and 2π system in the decays of the resonances into the γN, ηN, πN and 2πN channels in the c.m.s., k r , q η,r , q π,r , q 2π,r are the magnitudes of these momenta at the resonance peak (W = M); X are phenomenological parameters, assumed to be 500 MeV for all resonances, except S 11 (1535) and S 11 (1650). For these resonances parameters X were found by fitting experimental data.
Below the thresholds of 2π + N and η + N productions we take, respectively, q 2π = 0 and q η = 0. So, below ηN production threshold, Γ total = Γ π + Γ inel , and, respectively, below 2πN production threshold, Γ total = Γ π .
Using the parametrizations (10) (11) (12) (13) (14) (15) for the contributions of the resonances S 11 (1535), S 11 (1650) to E 0+ and S 0+ , one can easily continue their contributions to the invariant amplitudes to the unphysical region (s < (m η + m N ) 2 ) of the dispersion integrals via the formulas:
It is seen that there are no irregularities in the continuation of Eqs. (16) 
Isobar model
The isobar model we use is very close to the model of Ref. [13] . It contains contributions of resonances, and the nonresonance background build from the Born term and the tchannel ρ and ω contributions. Unlike the model of Ref. [13] , we take into account not only the resonances with the masses above ηN production threshold, but also the contribution of the Roper resonance, which, in fact, can be considered as the background contribution. This resonance is introduced in a form described in the previous Section.
There is also a difference between our parametrizations of the resonance contributions which consists in the extra factor W R /W in the expressions for Γ π and Γ η of Ref. [13] , and in the factor Γ γ /Γ in the parentheses of Eq. (10).
We have found the t-channel ρ and ω exchange contributions to γ * + N → η + N by evaluating the Feynman diagrams for this process and the corresponding invariant amplitudes using the effective Lagrangians:
The electromagnetic coupling constants λ V are related to the V → ηγ radiative decay widths via
where q η is the η momentum in this decay. The values of λ V found using PDG data [17] are presented in Table 1 . The form factors F (V ) (Q 2 ) are introduced to describe the Q 2 dependence of the γηV couplings, at Q 2 = 0 they are normalized to F (V ) (0) = 1. The off-shell behaviour of the hadronic couplings were described according to Ref. [13] in the form
with Λ V = 1.3 GeV . The contributions of ρ and ω exchanges to the invariant amplitudes are:
The coupling constantsg iV are not well known, their ranges from Ref. [19] are presented in Table 1 . In our analysis, we consider them as free parameters. The values of g iV found from the fitting of data on the η photoproduction on the protons within the model presented in this Section are given in Table 1 .
Results and discussion
Using the two approaches described in Sections 2 and 3, we have fitted the experimental data on the η photoproduction on protons. We have used the information on the differential cross sections from TAPS [11] The fitted parameters in the dispersion relations approach were the coupling constants g ηN N , g ηN R , and the magnitudes of the multipole amplitudes corresponding to the resonance contributions at the resonance positions. In the isobar model approach there are four additional fitted parameters connected with the the ρ and ω contributions:g 1ρ , g 2ρ ,g 1ω andg 2ω . We have fitted also the masses of all resonances taking into account the ranges given by the PDG [17] . The widths and parameters X of the most prominent resonances: S 11 (1535) and S 11 (1650), were fitted too. The widths of other resonances used in our analysis are presented in Table 2 . The used branching ratios correspond to the mean values of the PDG data presented in this Table. In Table 3 we present the obtained values of the multipole amplitudes for the resonance contributions at the resonance positions. For comparison, multipole amplitudes extracted from the results of Ref. [13] are given. We present also the photoexcitation helicity amplitudes obtained using our results, and the ranges for these amplitudes from the PDG data [17] .
In Figs. 1-4 we present our results obtained using both approaches in comparison with the experimental data. The overall χ 2 /datapoint was 1.24 and 1.22 in the dispersion relations approach and in the isobar model, respectively.
In Fig. 5 multipole amplitudes are presented.
From Figs. 1-4 it is seen that our results are in very good agreement with the experimental data. The only case, when the experimental data are described not so well, is connected with the target asymmetry at small energies: E γ = 717, 738 MeV , where the data change sign near 90
• . Such structure is not seen in both our approaches, it is not described also in other models [7, 13, 14] .
Resonance contributions to the multipole amplitudes. The experimental data on the differential cross sections obviously indicate the dominant role of the s-wave in the S 11 (1535) resonance region. These data can be described by the single resonance fit taking into account only the contribution of this resonance. With increasing energy, for good description of the data it is necessary to introduce quite large contribution of the S 11 (1650) resonance, although its presence visually is seen neither in the experimental data, nor in the multipole amplitude E 0+ obtained in our analyses (Fig. 5) . We have fitted the masses and widths of the S 11 (1535) and S 11 (1650), the obtained values are presented in Table 2 . It is seen that the Breit-Wigner width of the S 11 (1535) is modeldependent. The obtained widths of the S 11 (1650) are smaller than the values given by the PDG. Let us note that the same result was obtained in Ref. [13] . From our results obtained using two approaches and from comparison with the results of Ref. [13] it is seen that the contribution of the resonance S 11 (1535) to the multipole amplitude E 0+ is determined very well. It practically does not depend on the used approach and on the difference in the parametrizations of the resonance contributions used in this paper and in Ref. [13] . The results for the S 11 (1650) contribution to E 0+ are also quite stable. The sign and order of magnitude of this contribution are determined, however, its absolute value is somewhat different in different approaches.
In the S 11 (1535) resonance region, where we have s-wave dominance, the polarized beam asymmetry is determined by the interference of the E 0+ and E 2− + M 2− multipoles only [13] :
By this reason, having the beam asymmetry data, we are able to find with good accuracy the D 13 (1520) resonance contribution, although by itself it is very small. Indeed, as it is seen from Table 3 , the results for D 13 (1520) obtained using different approaches are in good agreement with each other.
With increasing energy the beam asymmetry data acquire a forward-backward asymmetry behaviour, which is very sensitive to the F 15 (1680) contribution [13, 20] . In order to demonstrate this, we have presented in Fig. 2 by the dotted curve the results for Σ at [13] is caused by our inclusion into the fitting procedure of the target asymmetry data, which do not present in the analysis of Ref. [13] .
The contributions of other resonances D 15 (1675), D 13 (1700), P 11 (1710), P 13 (1720) are not related immediately to some specific features in the behaviour of the observables σ, Σ and T . The results obtained in our analyses using the two approaches, and the comparison with the results of Ref. [13] allow us to make conclusion about the reliability of the obtained D 15 (1675), D 13 (1700), P 11 (1710), P 13 (1720) contributions to the multipole amplitudes. We have performed also the fitting of the experimental data taking exactly the model of Ref. [13] . It appeared, that the inclusion of the Roper contribution practically does not affect the obtained results, it leads only to a better description of the data with better χ 2 . However, the inclusion into the analysis of the T data appeared to be significant. As a result, the conclusion which we make is following. The results for the D 15 (1675), P 11 (1710), and P 13 (1720) do not depend strongly on the used approach. The signs and orders of magnitude of the contributions of these resonances are determined.
The strong difference with [13] is connected with the inclusion of the T data into our analysis. The results for the D 13 (1700) strongly depend on the model. Even the masses of this resonance, obtained in two approaches, strongly differ from each other ( Table 2) .
P hotoexcitation helicity amplitudes. These amplitudes were calculated using the multipole amplitudes presented in Table 3 by the formulas:
where J is the spin of the resonance, and ζ ηN is the relative sign between the NNη coupling constant in the Born term and the N * Nη coupling constant, which enter the
The signs which we have used are presented in Table 3 . For the calculation of the photoexcitation helicity amplitudes we have used the masses, widths, and branching ratios given in Table 2 . All used branching ratios are within the ranges given by the PDG, except the P 13 (1720). Here we had to take larger β ηN in order to stay within the ranges for p A 1/2 given by the PDG. 
which does not contain the uncertainty caused by the width of the S 11 (1535). From the PDG data presented in Table 2 we have:
So, the maximum value of E res 0+ (γp → ηp) which we can obtain from Eq. (25) is
The magnitude of E res 0+ (γp → πp), extracted from the results of Ref. [5] using the BreitWigner formula for the S 11 (1535) and S 11 (1650) contributions, is by our estimations < 0.6 µkb 1/2 . This gives E res,max 0+
(γp → ηp) < 1.4 µkb 1/2 , which is much smaller than the values in Table 3 . Therefore, indeed, there is disagreement between the S 11 (1535)
contributions into E 0+ extracted from the π and η photoproduction. The last value we have found from the width of the P 11 (1440) → πN decay, the sign is found from the pion photoproduction data. The small value of g ηN N was obtained also in the analyses of Refs. [7, 13, 14] . It has explanation in the chiral Lagrangian approach [21, 22] . The smallness of the g ηN N and g ηN R coupling constants leads to the smallness of the N and P 11 (1440) contributions in comparison with the dominant S 11 (1535) contribution. However, these contributions, as well the t-channel ρ and ω contributions, which are also small compared to the S 11 (1535), play an important role in getting the better description of the data with better χ 2 . In Fig. 5 by the thin dotted curves we present the summary background contributions to the multipole amplitudes, caused by the Born term, the P 11 (1440) resonance and the ρ and ω t-channel exchanges.
These results correspond to the isobar model. It is seen that they are very small for all multipole amplitudes, except M 1+ , where the large background is generated mostly by the Born term. As it was mentioned in the Introduction, dispersion relations allow to find the u-channel resonance contributions. These contributions are presented for the lowest multipoles in Fig. 5 by the thin dashed curves. For the multipoles with l > 1 they are negligibly small. It is seen that the u-channel resonance contributions are very small for all multipoles, except E 0+ .
Recently the properties of the P 11 (1710) resonance have been discussed in connection with its possible identification as the member of the baryon anti-decuplet in the chiral solitons picture [23, 24, 25] . If this identification is right, the width of the P 11 (1710)
should be ≃ 40 MeV [23] , and the magnetic moment of the transition P 11 (1710) → γN,
, should be in the ranges [24] :
We performed the fit of the experimental data on the proton, taking Γ (P 11 (1710)) = 40 MeV . It appeared, that the results were changed only slightly. The magnetic moment of the P + 11 (1710) → γp transition found using Eqs. (8, 9 ) is equal to
which is within the ranges (30). The preliminary data on the η photoproduction on the neutron obtained at large angles 120
• , 140
• , and 160
• show a sharp rise of the ratio σ(γn → ηn)/σ(γp → ηp) in the vicinity of the P 11 (1710) [25] . According to our very approximate estimations, such behaviour of the cross sections can be described taking
This means that |κ pp * | ≪ |κ nn * |, as it is predicted by the chiral solitons picture. So, more complete data on the η photoproduction on the neutron, which will allow to make more reliable analysis, may provide very interesting possibility to find arguments in favour of the identification of the P 11 (1710) resonance as the member of the baryon anti-decuplet.
In the analysis of Ref. [14] of the γp → ηp data the need for a third S 11 resonance in the second resonance region was found. Such a resonance has been discussed in Ref.
[26]. However, in both our approaches such state is not supported by the fits to the data.
Conclusion
In this paper we presented the results of the analysis of η photoproduction on protons, performed using data on cross sections from TAPS [11] , GRAAL [8] and CLAS [9] , on beam asymmetry from GRAAL [10] , and on target asymmetry from ELSA [12] . The analysis is made using both fixed-t dispersion relations and an isobar model. The isobar model we use is very close to that of Ref. [13] . The difference lies in a different parametrization of the resonance contributions and in our inclusion of the P 11 (1440) contribution in the model. Another difference with the analysis of Ref. [13] is the inclusion of the target asymmetry data in our fitting procedure.
The utilization of two approaches and comparison with the results of Ref. [13] allow us to clarify the model-dependence of the results obtained. 
Appendix A. Relations between invariant and multipole amplitudes
In order to connect invariant and multipole amplitudes it is convenient to introduce the intermediate amplitudes f i (s, cosθ, Q 2 ):
θ is the polar angle of η in the c.m.s.,k 0 ,q 0 , E 1 , E 2 are the energies of the virtual photon, eta, initial and final nucleons in this system.
The expansion of the intermediate amplitudes over multipole amplitudes
2 ) has the form:
The amplitudes f i (s, cosθ, Q 2 ) are related to the helicity amplitudes by:
In the case of the photoproduction, the differential cross section, the polarization of the final nucleon, and the polarized beam and target asymmetries are related to the helicity amplitudes in the following way:
Figure Captions contributions caused by the Born term, the P 11 (1440) resonance and the ρ and ω tchannel exchanges are presented. By the thin dashed curves the u-channel resonance contributions found using dispersion relations are presented. Table Captions   Table 2 . Masses, widths, and branching ratios of the resonances. In the first rows the ranges given by the PDG [17] are presented. In the second rows we list the widths used in our analysis. The masses and widths marked by the stars are found from the fitting of the data: on the second rows using dispersion relations and on the third rows using the isobar model. The branching ratios β ηN in the second and third rows are used for the calculation of the photoexcitation helicity amplitudes presented in Table 3 . Table 3 . Resonance contributions into the multipole amplitudes at the resonance positions (in µb 1/2 ) and photoexcitation helicity amplitudes (in 10 −3 GeV −1/2 ). The values on the first and second rows are found in this work using dispersion relations and isobar model, respectively. The values on the third rows for the multipole amplitudes are from
Ref. [13] ; for the photoexcitation helicity amplitudes on the third rows the PDG data [17] are presented. ζ ηN are the relative signs between the NNη and N * Nη coupling constants which are used for the calculation of the photoexcitation helicity amplitudes by the relation (23) . 14.7 -0.55 Table 1 : Parameters for the vector mesons. The ranges forg 1,2 are from Ref. [19] , the values of λ V are extracted from the PDG data [17] for V → ηγ. The values on the second rows are obtained in this work from the analysis of the γp → ηp data using the isobar model. 
